Caloric restriction (CR) increases healthy lifespan in a range of organisms. The underlying mechanisms are not understood, but appear to include changes in gene expression, protein function and metabolism. Recent studies demonstrate that acute CR alters mortality rates within days in flies. Multi-tissue transcriptional changes and concomitant metabolic responses to acute CR have not been described. We generated whole-genome RNA transcript profiles in liver, skeletal muscle, colon and hypothalamus and simultaneously measured plasma metabolites using proton nuclear magnetic resonance in mice subjected to acute CR. Liver and muscle showed increased gene expression associated with fatty acid metabolism and a reduction in those involved in hepatic lipid biosynthesis. Glucogenic amino acids increased in plasma and gene expression for hepatic gluconeogenesis was enhanced. Increased expression of genes for hormone-mediated signaling and decreased expression of genes involved in protein binding and development occurred in hypothalamus. Cell proliferation genes were decreased and cellular transport increased in colon. Acute CR captured many, but not all, hepatic transcriptional changes of long-term CR. Our findings demonstrate a clear transcriptional response across multiple tissues during acute CR, with congruent plasma metabolite changes. Liver and muscle switched gene expression away from energetically expensive biosynthetic processes towards energy conservation and utilization processes, including fatty acid metabolism and gluconeogenesis. Both muscle and colon switched gene expression away from cellular proliferation. Mice undergoing acute CR rapidly adopt many transcriptional and metabolic changes of long-term CR, suggesting that the beneficial effects of CR may require only a short-term reduction in caloric intake.
INTRODUCTION
Caloric restriction (CR) extends mean and maximum lifespan and retards various ageassociated pathologies in a range of vertebrate and invertebrate species (24, 41, 46, 61).
However, the mechanisms through which CR extends lifespan are not understood. CR is accompanied by changes in gene and protein expression and resultant alterations in both cellular and whole organism metabolism, which are thought to underlie its effects on ageing.
RNA transcript profiles have been useful for defining changes in gene expression following CR, leading to the formulation of experimentally testable hypotheses. Longterm CR in rodents attenuates many age-associated transcriptional changes, including expression of genes involved with cellular stress, in skeletal muscle (36), hypothalamus libitum (AD) levels reversed 90% of this long-term CR profile after 8 weeks (16). This suggests that these changes in gene expression during acute CR may induce rapid beneficial effects on lifespan. In Drosophila, a dietary shift to DR altered mortality rate within days (40). However, accurate measurements of mortality rates during acute CR have not been measured in mice, although CR initiated at 12 months of age extended mean and maximum lifespan, decreased age-associated mortality and reduced cancer incidence (16, 49) .
In this study we examined acute, whole-genome transcriptional changes following short-term CR, in liver, skeletal muscle, hypothalamus and colon of 16 week old male C57BL/6 mice subjected to a stepwise, 16-day protocol of CR terminating in a 48h period of 30% CR (see supplementary data). In parallel, we employed a NMR metabonomic strategy capable of identifying subtle biochemical changes (56) to determine plasma metabolite profiles during CR in the same animals subjected to transcriptional analysis, as plasma should relate directly to global metabolic changes in the concentration of metabolites. Our experimental design therefore permitted simultaneous examination of tissue-specific and common changes in gene expression together with relevant metabolic end-points.
We show that both liver and muscle switch away from energetically expensive biosynthetic processes towards fatty acid metabolism, -oxidation and gluconeogenesis as the dominant energy pathways during acute CR. This enhanced gluconeogenesis appears fuelled by skeletal muscle (and perhaps colon) catabolism, with genes associated with growth down-regulated in both tissues, and an associated increase in plasma of Page 4 of 46 several glucogenic amino acids. A simultaneous decrease in plasma levels of glucose and several lipids was also observed.
METHODS
Study design. 20 male C57BL/6 mice were purchased from a commercial breeder (Harlan, U.K.) at 4 weeks of age and housed at ~22°C under a 12h light/dark cycle (lights on from 0700 to 1900 h; Imperial College, London, UK). Mice were maintained in groups of 5 (see (28)) under specific pathogen-free conditions within individually ventilated cages (Techniplast U.K. Ltd, U.K.), with ad libitum (AD) access to normal chow (2018 Teklad Global 18% Protein Rodent Diet, Harlan Teklad, U.K.) and water.
The manufacturers (Harlan Teklad, U.K.) report that proximate analysis of the chow diet consisted of crude protein (18.90%), crude oil (5.70%), crude fiber (3.80%), ash (5.90%), NFE (55.70%), carbohydrate (57.33%), starch (41.24%), sugar (4.93%), plus pre-defined minerals, amino acids, vitamins and fatty acids. The main saturated, mono-unsaturated and polyunsaturated fatty acid components (g/kg diet) of the diet were respectively, palmitic acid C16:0 (7.64g/kg), oleic acid C18:1w9 (12.59g/kg) and linoleic acid C18:2w6 (31.35g/kg). The total levels of digestible and metabolizable energy in the diet were 3.4Kcal/g and 3.3Kcal/g respectively. At 12 weeks of age, mice in different cages did not significantly differ from one another in body mass, and each cage was randomly assigned to the CR or AD feeding regime. The experiment commenced at 14 weeks of age, with the time of feeding of the CR mice being 0900 each day, in agreement with feeding time in other studies, e.g. (16). Food was not removed from either the CR or the AD mice at any time during the day, with the hoppers of the CR mice always being empty by 0900hrs of the following day. Food intake of CR mice was adjusted according to the intake of AD mice measured the preceding week. CR mice underwent a step-down regime (see supplementary data) similar to protocols described elsewhere (43), with daily food intake reduced to 90% of AD mice at 14 weeks, 80% at 15 weeks and 70% at 16 weeks of age, i.e. 30% CR relative to AD controls. CR mice were not fed in the morning immediately prior to death. Neither group underwent a 24 h (16) or 48 h (11) fast prior to death, as we wished to avoid inducing acute starvation conditions that may transcriptionally mirror those seen during CR (8) . Exactly 48 h after the initiation of 30% CR, 10 mice per group (CR or AD) were killed by terminal anesthesia (IP injection of fentanyl/fluanisone (Hypnorm; Janssen Animal Health, U.K.) and benzodiazepine mix (Midazolam; Roche, U.K.) between 0900-1200h. Individuals in each group were killed alternately to minimize any circadian effects, and the left lobe of liver, the gastrocnemius, hypothalamus (block containing dorsomedial, ventromedial, arcuate and paraventricular hypothalamus) and a 2cm portion of the upper colon were removed, flash-frozen in liquid nitrogen and stored at -80°C until RNA extraction. In order to minimize the potential for hierarchies to develop within our group-housed mice, we purchased mice that had been weaned together from 4 weeks of age. These same individuals were then maintained in groups of five individuals until death. In addition, all large food pellets were broken into smaller pieces to further avoid the potential for any one individual to monopolize the food supply. We observed no evidence of hierarchies in our group-housed CR or AD mice, either in terms of body mass differences within cages or in terms of fighting. All Ltd, www.affymetrix.com). In brief, samples were homogenized on ice using a Positron homogenizer in TRIzol reagent (Invitrogen Corp, U.K.), followed by purification using RNeasy columns (Qiagen Ltd, U.K., www1.qiagen.com), with RNA quality and concentration determined using an Agilent Bioanalyzer 2100 (Agilent Technologies, CA, US). washing, labeling and scanning followed Affymetrix and ICH Gene Microarray Centre standard protocols.
Statistical analysis of transcript representation.
Raw image files were converted to probe-level data files (.cel files). Normalization, statistical testing and multiple testing correction of data files used the R (www.R-project.org) package Goldenspike (13) . A false discovery rate cut-off of 0.05 was used to generate lists of genes whose expression was significantly altered by CR for all tissues except colon, as a q-value cutoff of 0.05 resulted in only 22 up-and 11 down-regulated probesets. Because changes in the colon were more subtle than in other tissues, the stringency was lowered to reflect this. We chose the value of 0.11, an optimal point in the sense of maximizing the gene list length while keeping the q value cutoff as low as possible. Probes were mapped to transcript sequences from the Ensembl mouse genome (Version 27.33c.1). Acceptable matches were defined as having at least 7 of the 11 probes in the probe set matching the gene transcript with no more than 2 mismatches, and no other gene matched by more than three probes in the probe set. This procedure mapped approximately 47% of the probe sets on the mouse genome 430 2.0 array. Gene Ontology (Gene Ontology Consortium), Interpro and Locuslink annotation for the genes was retrieved from Ensembl. Kegg annotation was mapped to genes via Locuslink identifiers. These annotations, together with EASE (Expression Analysis Systematic Explorer (25)) were used to identify overrepresented annotation categories within the gene lists, scored using the EASE score, and significance calculated using a modified Fisher's Exact Test. For analyses not involving EASE, unmapped probe sets were annotated with information from Affymetrix's NetAffx site (39). In our EASE comparison with the long-term CR data set (16), we reported those genes which mapped directly to Ensemble gene lists. Raw microarray data is available in the European Bioinformatics Institute (EMBL-EBI) ArrayExpress repository (Accession Number E-MEXP-748).
In our tissue-comparative approach, we recorded the number of differentially expressed probe sets in each tissue, and the number of probe sets differentially expressed in several tissues. The significance of overlaps between tissues in probe sets differentially expressed during CR was tested with the null hypothesis that each probe was randomly and independently selected from the pool of all probe sets represented on the microarray. Using Fisher's Exact Test, we calculated the probability of an overlap occurring by chance. The probabilities calculated must be treated with some caution because in reality genes are not randomly and independently expressed. However, these probabilities provide an indication of similarities between tissues' responses to CR. We examined overlaps of EASE-generated lists over-represented (p<0.1) from the differentially expressed probe sets. Probability estimates were adjusted for multiple testing using a Bonferroni Correction, with adjusted scores p< 0.05 deemed significant. Acute CR altered plasma metabolite profile. NMR spectroscopy clearly distinguished the plasma metabolite profiles of acute CR and AD control mice ( Figure 1 ; Table 1 ). The
Metabonomic
Euclidean sum of principal components 1 and 3 in Table 1 No shared EASE categories were identified across the four tissues in our downregulated gene lists. However, several were identified in our up-regulated gene lists (Table 3) , including transporter activity, ion homeostasis, amino-transferase and zinc ion homeostasis/nitric oxide mediated signal transduction shared across liver and colon. A simultaneous and enhanced requirement for fatty acid metabolism was seen in liver and muscle, with categories including acyl-CoA metabolism, acyl-CoA thioesterase activity and palmitoyl-CoA hydrolase activity (Table 3) Overlap between tissues in gene expression in response to acute CR. 50 genes were significantly down-regulated in two or more tissues (see supplementary data) following acute CR. Several genes involved in chaperone activity/stress response were downregulated in two or more tissues, particularly in colon and liver, as were several immune response genes. 79 genes were up-regulated following acute CR across two or more tissues, although none were up-regulated across all four tissues (see supplementary data), with the majority shared between colon and liver (30) or muscle and liver (27).
Similar transcriptional effects of acute and long-term (27 month) CR.
We compared our acute hepatic transcriptional data with long-term CR hepatic data derived from 24-hr fasted male B6C3F1 mice, which were group housed, maintained on a defined diet and undergoing a long-term (27 month) 44% decrease in caloric intake (16 showed up-regulation following long-term CR but down-regulation following acute CR.
Validation of microarray results by real-time PCR (RT-PCR). RT-PCR, using five
individual genes, was used to independently verify some of our microarray results, in each of the three pooled liver samples derived from our CR and AD mice. All genes reliably produced significant (P<=0.05) expression changes (Table 5) , with a strong correlation (r 2 =0.982, P<0.01) between fold-changes generated by our microarray and RT-PCR analyses. RT-PCR run on the 20 individual liver samples (AD1:10, CR1:10) from which we derived our RNA pools and using the same five genes showed close agreement between the pooled and unpooled liver RT-PCR and microarray data (Table 5 and supplementary data).
DISCUSSION
Our main findings demonstrating transcriptional responses across multiple tissues, with congruent plasma metabolite changes during acute CR are summarized in Table 5 . While changes in RNA transcript abundance will not always be associated with a corresponding change in protein abundance or activity, we suggest that systematic changes in expression of genes involved in the same EASE category imply the presence of a functional change.
In addition, it is feasible that some of the genes and pathways reported may be regulated specifically by CR and AD in C57BL/6 mice, since it appears that 'genotype-regulated 
Mice undergoing acute CR rapidly adopt many transcriptional changes of long-term CR.
Several hepatic EASE categories altered following long-term CR (16) were also seen in acute CR, including an up-regulation of categories involved in electron transport, mitochondria and fatty acid metabolism. Interestingly, several categories showed discordance between long-term and acute CR. The categories B-class cytochrome P450
and short-chain dehydrogenase/reductase were up-regulated during acute CR but downregulated by long-term CR and appear important C. elegans longevity assurance (42).
Our cross-tissue comparison identified several potential longevity assurance genes (and pathways) altered in common across tissues. We suggest our simultaneous analysis of transcriptional and metabolite alterations is a powerful technique that may narrow down and help identify mechanisms through which CR extends lifespan, and that the benefits associated with CR may require only a short-term reduction in caloric intake. Table 1 . Using a metabonomic approach and partial least squares discriminant analysis, we determined the plasma metabolite profile of mice used to examine transcription. The 13 metabolites which had the greatest impact on our model, using the principal components 1 and 3 are shown. The number of arrows denotes the impact and direction of change of a particular metabolite on our model, following acute CR relative to AD controls. These metabolites were also ranked by importance to the first component of the model only, using the variable influence on projection parameter (VIP), which provides a score of the importance of the variables on the model. A metabolite chemical shift was the difference between the resonance frequency of a nucleus within a molecule, relative to a laboratory standard used to identify it within the NMR spectra. VLDL -Very low density lipoprotein. Table 1 . Group separation was primarily explained by principal component 1 (PC1), whilst PC3 explained primarily within-group variation, especially within the CR group. PC2 also showed class separation, but is not reported as it was based solely on differences in lactate between groups. Comparative tissue response to acute caloric restriction. Up-regulated genes indicated in red and down-regulated genes in black. Significant relationships determined by overlaps in probe set lists across tissues using Fisher's Exact Probability Test. Number denotes 
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